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INTRODUCTION
Species of the genus Rhodobacter are among the most metabolically versatile of all bacteria, since they can perform a number of different growth modes (Imhoff & Truper, 1989) . The freshwater species, R. sphaeroides and R. capszrlatus, have been used extensively as model systems for the study of photosynthesis and nitrogen fixation (Scolnik & Marrs, 1987 ; Willison, 1993) . Biotechnological applications of marine photosynthetic bacteria, which utilize their ability to convert light energy into useful products, have recently been reported (Burgess, 1992 ; Burgess e t al., 1993~) . Recombinant D N A methods for marine Rhodospirillaceae (Matsunaga e t al., 1986 (Matsunaga e t al., , 1990 ; Burgess e t al., 1993a) and Chromatiaceae (Burgess e t al., 1993b) have been established to enhance their biotechnological potential.
During this work an unusual isolate of marine Rbodobacter, strain NKPB 0021 was noticed. It was originally described in 1986 and tentatively identified as R. sphaeroides (Matsunaga e t al., 1986) . It also has a high rate of hydrogen photoproduction compared to other marine photosynthetic bacteria (Matsunaga e t al., 1986) . Later attempts to grow this strain aerobically, for conjugative gene transfer experiments, failed. Rhodobacter sp. strain NKPB 0021 was found to differ from R. sphaeroides in that it: cannot grow aerobically, has a high rate of hydrogen photoproduction and contains two endogenous cryptic plasmids of 5.4 and 7.0 kb respectively. We characterized this isolate in greater detail to establish its taxonomic position.
Six species of Rhodobacter have been described which are grouped into one genus of non-sulphur photosynthetic bacteria which contain vesicular intracytoplasmic membranes. R. su@iidophilzrs, R. adriaticus and R. ezryhalinzrs are obligate halophiles. R. szt&hidophilzrs has a remarkably high sulphide tolerance and can also grow aerobically in the dark. R. adriaticzrs is also tolerant to sulphide, but cannot grow under aerobic conditions. We report here a new marine species of Rhodobacter which is obligately halophilic, unable to grow aerobically and sensitive to sulphide. The new species Rhodobacter marinzrs is proposed for this bacterium.
METHODS
Isolation and growth conditions. Rhodobacter marinw was isolated from samples of marine mud collected from coastal waters from the Izu peninsula, Japan. Enrichments were carried out using a marine RCVB medium (Beatty & Gest, 1981; Matsunaga et a/., 1990) R. marinus strain NKPB0021 is one of approximately 300 isolates of marine photosynthetic bacteria which were collected from coastal waters around Japan and form part of a culture collection of marine photosynthetic prokaryotes maintained within the Department of Biotechnology at Tokyo University of Agriculture and Technology. Marine broth 2216 (Difco) was used for purification of strain 0021 by serial dilution onto agar plates. This medium allowed separation from contaminants which were difficult to remove using other media. Cultures of R. marinus were maintained at 30 OC under continuous illumination with white fluorescent lamps at a light intensity of Microscopy. Morphology and motility of liquid cultures were observed using an Olympus BH2 phase contrast microscope. Flagella were observed by negative staining and electron 500-600 lux. microscopy. Cells were suspended in 70 mM phosphate buffer, pH 7-0, applied to coated copper grids, stained with uranyl acetate and observed with a transmission electron microscope (Hitachi H-700H). For thin sections, cells were fixed with glutaraldehyde, post fixed with osmium tetroxide dehydrated in an ethanol series and embedded in epoxy resin. Sections were cut using an ultramicrotome, stained with uranyl acetate and lead citrate and observed under a transmission electron microscope.
Growth experiments. The optimum NaCl concentration was determined at pH 7-6 and growth was followed over three passages in the same medium described above. To determine the effect of sulphide on growth, neutralized sodium sulphide was added in the range 0-3 mM. To study the effect of oxygen on growth, rubber stoppered 30 ml test-tubes containing 10 ml Rhodobacter marinas sp. nov. RCVB medium were evacuated using a vacuum pump and flushed repeatedly with argon until no oxygen was present in the gas phase, as determined by gas chromatography. Tubes were then injected with increasing amounts of oxygen and inoculated with 200 pl of exponentially growing cells. In all cases, growth was followed by determining optical density (OD) at 660 nm. For determination of vitamin requirement, cultures were grown for over three passages in marine RCVB medium which did not contain yeast extract, peptone or biotin. For growth experiments using seawater, RCVB medium was prepared as above with filtered seawater added instead of distilled water. T o test the effect of nitrogen source on growth, ammonium chloride was replaced with equivalent concentrations of nitrate or molecular nitrogen.
Isolation of chromatophores and room temperature spectroscopy. R. sphaeroides ATCC 17023 was grown in RCVB medium without added NaC1, and supplemented with p-aminobenzoic acid (0.3 mg 1-' ) and nicotinic acid (1 mg 1-'). Cells from 1 litre photosynthetic cultures were harvested by centrifugation and washed twice with 100 ml TE (10 mM Tris/HCl, 1 mM EDTA; pH 7.5). Cells were then resuspended in the same buffer to a final concentration of 0.24.4 g wet wt ml-' and disrupted by sonication. The broken cell extract was then layered onto a 15 v0-40 YO (w/v) sucrose step gradient and after centrifugation for 4 h at lOOOOOg, membranes were recovered from the interface (Niederman & Gibson, 1978) . Membranes were stored at -20 OC until required. Room temperature absorbance spectra were recorded using a Shimadzu UV-2200 recording spectrophotometer. Approximately 50 pl of chromatophores was resuspended in 1 ml of water so that the maximum absorbance at 850nm was less than 1.
Determination of DNA base composition. Total DNA was extracted from 1 litre of culture by the method of Marmur and harvested by spooling onto a glass rod (Marmur, 1961) . The guanine (G) plus cytosine (C) content of the DNA was determined by analysing P1 nuclease enzyme hydrolysates using HPLC (Katayama-Fujimura et al., 1984) . Nucleotide standards were purchased as a G : C determination kit from Yamasa Shoyu (Choshi, Japan).
RESULTS

Morphology and ultrastructure
Cells are Gram-negative ovoid rods, 0.6-1.2 pm in diameter and 3-5 pm long when grown in RCVB medium. The thin section electron micrograph in Fig. 1 shows typical cell shape and size. Cells from late exponential to stationary growth phase are elongated and form viscous clumps due to the formation of slime. Cell aggregates in zig-zag or chain arrangements, which are characteristic of R. capstrlattls were not observed. Cells from exponentially growing cultures are motile by means of polar flagella (Fig. la) . Negative staining revealed the presence of numerous fimbriae, which were thinner and more numerous than the polar flagella. These covered the cell and are unusual in Rkodobacter species. When grown in medium containing seawater, cells rapidly formed large flocs. This phenomenon did not occur in defined medium. Exponentially growing cultures were dark brown to rust in colour, while colonies on agar plates appeared very dark brown. Cells appear to divide by binary fission. The photosynthetic membranes are present as vesicular intrusions of the cytoplasmic membrane (Fig. lb) . The average size of the vesicles is small compared to freshwater species such as R. sphaeroides and seems to be more similar to chromatophores of some species of Cbromatitlm (Remsen, 1978) . Cells did not contain sulphur globules or gas vacuoles, and did not appear able to form spores.
Physiology
The most striking difference between R. marinas and R. sphaeroides is the inability of R. marinas to grow chemoheterotrophically under aerobic conditions. When a range of oxygen concentrations was used, growth did not occur or was marginal in the presence of oxygen (Fig. 2) . A slight increase in cell number occurred when incubated in the dark at apO, of 0.025 atm, but the final OD,,, was less than 0.4. N o growth occurred in the dark under strictly anaerobic conditions.
To determine whether R. marinzls required NaCl or was halotolerant, growth rate was determined using RCVB medium containing a range of different salt concentrations. In the absence of NaCl no growth occurred, while at 4.5% NaCl and above growth was greatly reduced compared to growth at 1-5%, the optimum NaCl concentration (data not shown).
For determination of other growth characteristics, RCVB medium containing 1.5% NaCl was used. The optimum pH was found to be 6-8 with maximum growth occurring at pH 7.6. Growth was not affected by the removal of 
Photosynthetic pigments
The absorption spectrum of intact cells of R. marinus is almost identical to the absorption spectrum of R. sphaeroides (data not shown). T o record a spectrum unaffected by light scattering, photosynthetic membranes were isolated as described in Methods. Absorption spectra of the two species were almost indistinguishable (Fig. 3) .
The absorbance peaks at 372-375,446-450,474-481,500, 590,800,850 and the shoulder at 870-880 are indicative of bacteriochlorophyll a, and carotenoids of the spheroidene series.
DNA analysis
The G + C content of R. marinus strain NKPB 0021 was 66.7 mol% as determined by HPLC.
DISCUSSION
A marine photosynthetic bacterium, strain NKPB 0021, has been identified as a new species of Rhodobacter. This bacterium can evolve large quantities of hydrogen when grown photosynthetically (Matsunaga e t al., 1986) , and has recently been used for gene cloning and expression studies in this laboratory (Burgess e t al., 1993a, c ; Matsunaga et al., 1990) . Cells are most similar to R. sphaeroides with regard to morphology and absorption spectra, but differ in a number of properties from all previously described species of Rhodobacter.
The requirement for NaCl and the observation that similar strains could not be isolated from freshwater habitats imply that R. marinus is an indigenous marine species. Only three species of purple non sulphur bacteria were previously regarded as indigenous marine bacteria ; R. sulfidphilzis (Hansen & Veldkamp, 1973) , R. adriaticus (Neutzling e t al., 1984) and Rhodopseudomonas marina (Imhoff, 1983) . R. sulfidophilus and R. adriaticus are relatively resistant to sulphide (3-5 mM), which is consistent with their isolation from sulphide-containing environments. Conversely, Rps. marina is relatively sensitive to sulphide (0-4-0-8 mM). Most of the purple non sulphur bacteria known at present (about 25 species) were isolated from freshwater sources and, with a few exceptions, are very sensitive to even low concentrations of sulphide.
R. marinus is also sensitive to oxygen, being able to grow only slowly in the dark at an optimal PO, of 2-5 x lo-, atm. This is similar to R. adriaticw which also grows very slowly under microaerophilic conditions (Neutzling e t al., 1984) R. marinus is also unique as it is the only member of the genus Rhodobacter which does not require thiamin for growth (Imhoff & Truper, 1989 (Kompantseva, 1985) .
R. marinus strain NKPB 0021 appears to be a marine Rhodobacter which is not suited to growth in sulphidecontaining habitats, as are the other marine species of this genus; R. supdophilus, R. adriaticus and R. euyhalinus. Since R. marinm is also sensitive to oxygen, its ecological habitat would appear to be restricted to a zone in marine sediments below the surface aerobic layers but above the deeper layers of sediment where sulphate reducing bacteria cause accumulation of sulphide (J srgensen, 1983) . It is interesting to note that in this zone one would also expect to find a small amount of sulphide which has diffused upwards through the pore-water (Jsrgensen, 1983) so it is expected that small quantities of sulphide (0.14 mM) stimulate growth of R. marinus which would have presumably adapted to such conditions. 
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